We have previously shown that Neutrophil Gelatinase-Associated Lipocalin (NGAL) is strongly expressed in thyroid carcinomas, especially of anaplastic type, where it protects neoplastic cells from serum deprivation-induced apoptosis and enhances tumor invasivity by regulating MMP-9 activity. Here we demonstrate that NGAL-containing conditioned medium from human anaplastic thyroid carcinoma (ATC) cells is able to induce monocyte migration via up-regulation of a number of different chemokines. The enhanced chemokines transcription is due to the NGALmediated intracellular iron uptake. Very importantly, mice tumor allografts raised from subcutaneous injection of syngeneic colon carcinoma cell lines, expressing high levels of NGAL, show a dense leukocyte infiltrate which strongly decreases in tumor allografts from NGAL-depleted cell injected mice.
INTRODUCTION
The tumor microenvironment plays a pivotal role in the establishment and further development of cancer [1] . It is constituted of a number of different cell types including stromal fibroblasts, endothelial cells and immune cells which synergistically with neoplastic cells deeply contribute to tumor growth and to the multiple stages of tumor progression [2] . Infiltrating immune cells represent one of the most abundant and important components of tumor microenvironment so much so the overwhelming majority of solid tumors shows infiltrates of leukocytes from myeloid and lymphoid origin [3] , whose complexity and activation status depend on cancer localization and tumor stage [4, 5] . Tumor infiltrating immune cells induce the synthesis of a number of growth factors, cytokines, chemokines and pro-inflammatory mediators that stimulate proliferation of neoplastic and stromal cells [6] . In addition, tumor infiltrating immune cells secrete different proteolytic enzymes that can alter the structure and function of extracellular matrix (ECM) [7] .
The presence of immune cells, other than stromal fibroblasts and endothelial cells, strongly indicates that the inflammatory response plays a strategical role in the onset of cancer. Epidemiological studies have revealed that chronic inflammation predisposes to different forms of cancer including those not causally related to an obvious inflammatory process. The interplay between epithelial and inflammatory cells is thought to be crucial for the genesis and the establishment of carcinomas. One of the main actors in the inflammatory process is NF-κB which, by regulating the expression and the function of different cytokines and chemokines in inflammatory cells, stimulates the growth and its own activity in epithelial cells. Thus, NF-κB establishes a network that, after prolonged time, can lead epithelial cells to undergo malignant transformation [8] . Once activated in neoplastic cells, NF-κB promotes transcription of a number of genes that on one hand contribute to the establishment of its constitutive activation by an autocrine fashion, and on the other hand allows the recruitment of inflammatory and immune cells by a paracrine fashion, thus facilitating the activity of neighbouring tumor cells [9] . Neutrophil Gelatinase-Associated Lipocalin (NGAL) is an ironbinding acute phase protein [10] [11] [12] under NF-κB transcriptional regulation [13] [14] [15] , strongly over-expressed in many human tumors [16] [17] [18] [19] including thyroid cancer, where it is able to mediate critical NF-κB functions, such as the resistance to serum withdrawal-induced apoptosis [15] and the metastatic activity of anaplastic thyroid carcinoma cells [20] .
Given the pro-inflammatory properties and the deregulated expression of NGAL in neoplastic cells, we investigated its role in tumor infiltrating immune cells recruitment. Our results indicate that NGAL induced leukocytes recruitment in tumor allografts through ironmediated up-regulation of a number of chemokines.
RESULTS

NGAL promoted monocyte recruitment in vitro
To study the potential chemoattractant activity of NGAL, we tested the ability of the conditioned medium from human anaplastic thyroid carcinoma (ATC)-derived BHT101 cells, containing large amounts of NGAL [20] , to induce human monocytic THP-1 cells chemotaxis in transwell migration assays. As shown in Figure 1A , BHT101 conditioned medium, in the absence of serum, stimulated THP-1 migration more than 10-fold compared to the medium alone without serum and about 5 fold compared to the conditioned medium from NGALnegative CAL62 cells. Thus, to validate the hypothesis of NGAL involvement in mediating the chemotactic property of BHT101 conditioned medium, we inhibited its expression in BHT101 cells by infection with the pLentisiRNA-GFP lentiviral vector containing small interfering RNA (siRNA) sequences (siRNA 414 and siRNA 486) that bind to different regions of NGAL mRNA. BHT101 cells infected with pLenti-siRNA 414 and pLenti-siRNA 486 showed a strong decrease of NGAL expression, both intracellularly and extracellularly, compared to uninfected parental cells and to control scrambled siRNA ( Figure 1B ). Conditioned media from NGAL proficient and deficient BHT101 cell lines were used to stimulate THP-1 cells chemotaxis in transwell migration assays. As shown in Figure 1C , NGAL-containing culture media from parental and scrambled (sc-siRNA) BHT101 cell lines induced monocytes migration which, instead, was drastically reduced by the depletion of NGAL in conditioned media from BHT101 siRNA414 and siRNA486 cells.
These results suggest that NGAL could act as a monocyte chemoattractant protein in the extracellular medium of human ATC cell lines.
NGAL up-regulated chemokines expression in BHT101 cells by autocrine fashion
Since it has never been demonstrated an intrinsic chemotactic property of NGAL, we hypothesized that its ability to recruit THP-1 cells could occur through the upregulation of chemokines expression in BHT101 cells via autocrine stimulation. To verify this hypothesis, parental, scrambled and NGAL-depleted BHT101 cell lines were cultured in medium without serum and the expression of a set of human chemokines was analysed by qRT-PCR. We analysed expression of seven inflammatory chemokines involved in trafficking of different cell populations into the tumor microenvironment [21, 22] .
The depletion of NGAL in BHT101 cells determined a strong mRNA decrease of all the chemokines analysed, even so at different extent, compared to parental and scrambled BHT cells (Figure 2A) . To confirm the role of NGAL in the regulation of chemokines expression, BHT NGAL-depleted cells were cultured in medium without serum for 1 hour at 37 °C and, then, incubated with NGAL-containing conditioned media from parental or scrambled BHT cells. The addition of exogenous NGAL to BHT101 siRNA 414 and 486 cells restored chemokines expression, even though at different extent ( Figure 2C ).
These data indicate that ATC cells-secreted NGAL promotes monocyte chemotaxis by up-regulating a number of chemokines.
Chemokines up-regulation depended on NGALmediated iron uptake
Since one of the main function of NGAL is to transport iron inside cells and given that iron exerts a pivotal role in the biology of cancer cells, we hypothesized that NGAL could sustain chemokines transcription through the regulation of intracellular iron concentration. Therefore, BHT101 NGAL-depleted cell lines were starved in medium only and, after 1 hour, they were incubated in FeCl 3 -containing medium, in order to analyse if the addition of exogenous iron could restore chemokines expression. As shown in Figure 3A , the presence of 50 μM FeCl 3 in the culture medium of BHT101 siRNA 414 and 486 cells re-activated the expression of all seven chemokines (normal and bolded striped bars) at an extent similar to that of parental and scrambled BHT101 cells (light grey and white bars). On the contrary, the use of the iron chelator deferoxamine (DFO) determined a strong down-regulation of chemokines expression in parental and scrambled BHT101 cells ( Figure 3B , white and striped bars) if compared to that of untreated cells ( Figure 3B , grey and black bars).
To further demonstrate that the iron-mediated chemokines up-regulation was due to the NGALdependent intracellular iron delivery, a mutant form of NGAL carrying two aminoacid substitutions (K125A and www.oncotarget.com K134A) unable to bind siderophores and therefore iron [23] , was ectopically expressed in the NGAL-deficient anaplastic thyroid carcinoma cell line CAL62 ( Figure  4A ). BHT101 siRNA 486 cells were incubated with non-conditioned medium (CTRL), and with conditioned media from parental (CAL62 CM) and mock (CAL62 pLENTI-CM), as well as from wild type (CAL62 NGAL CM) and mutant NGAL (CAL62 NGAL K125A/K134A CM) infected CAL62 cells, and chemokines mRNA levels were evaluated. As shown in Figure 4C , wild type NGAL restored chemokines expression in BHT101 siRNA 486 cells ( Figure 4C dark grey vs. white bars), while the irondeficient NGAL mutant K125A/K134A did not ( Figure 4C striped vs. white bars). Of note, both NGAL and NGAL K125A/K134A were internalized by BHT101 siRNA 486 cells ( Figure 4B ). These findings demonstrate that iron influences chemokines expression in anaplastic thyroid carcinoma cells and suggest that NGAL-mediated chemokines upregulation is dependent on its iron-binding properties. www.oncotarget.com
Decreased NGAL secretion from neoplastic cells impaired immune cells recruitment in tumor microenvironment
Given the chemoattractant activity of NGAL in vitro, we investigated this ability in vivo. Since BHT101 cells are of human origin, we chose to perform the in vivo experiments with the mouse colon carcinoma CT26 cell line [24] that expressed large amounts of 24p3 (the mouse homologous of human NGAL) ( Figure 5A ). To this end, NGAL expression was knocked down in CT26 cells by stable transfection of pcRNAi plasmid containing siRNA sequences to block 24p3 expression. At least two stable clones, CT26 siRNA1 and siRNA5, showed an almost undetectable level of NGAL expression in their conditioned media if compared to parental and scrambled CT26 cells ( Figure 5A ). Similarly to BHT101 NGALdepleted cells, depletion of 24p3 in the extracellular milieu of CT26 24p3-depleted cells determined a reduced ability to induce THP-1 chemotaxis in transwell migration assays ( Figure 5B), and a decreased chemokines expression ( Figure 5C ) that was restored after challenging with 24p3-containing conditioned medium from parental CT26 cells ( Figure 5D ). Subcutaneous injection of parental, scrambled and 24p3-depleted cells into the flanks of syngeneic mice gave rise to tumors of different sizes ( Figure 6C and 6D) . Immunohistochemistry of tumor masses arising from parental and scrambled CT26 cells showed a dense infiltrate of lymphocytes, stained with anti-CD45 antibodies ( Figure 6A , left panel, and Figure  6B ), and macrophages, stained with anti-F4-80 antibodies ( Figure 6A , right panel, and Figure 6B ). However, the same antibodies used for the leukocytes staining in tumor allografts from CT26 NGAL/24p3-depleted cells revealed an impressive reduced number of infiltrating immune cells ( Figure 6A and 6B). These results indicate that NGAL could act as a regulator of immune cells recruitment in tumor microenvironment through its ability to modulate chemokines expression of neoplastic cells.
DISCUSSION
In
in a NGAL-independent fashion. Nevertheless, the contribution of NGAL to fuel immune infiltrate in tumor microenvironment is crucial given that neoplasms isolated from mice injected with NGAL-depleted cells show a strong decrease of infiltrating lymphocytes and macrophages compared to neoplasms from mice injected with NGAL-proficient cells. Interestingly, only 30% of mice injected with NGAL-deficient cells develops tumors, that were smaller and arose later than allografts derived from the injection of NGAL-proficient cells.
The pivotal role played by NGAL in the regulation of chemotaxis driven by neoplastic cells is proven by the evidence that the addition of NGAL-containing conditioned media from control cancer cells restores chemokines expression. The ability of NGAL to act as a chemokine inducer has been studied in models of mouse neuroinflammation in which NGAL promote astrocytes migration mainly through CXCL-10 up-regulation in different central nervous system cells [25] [26] [27] . Moreover, NGAL has been demonstrated to mediate chemokine expression and granulocyte infiltration during ischemia and reperfusion in a mouse model of heart transplantation [28] and to induce cytokine production to enhance endometrial carcinoma cell survival and migration [29] . Here we demonstrate that NGAL synthesized by cancer cells promotes leukocytes chemotaxis to tumor microenvironment as a result of a sustained chemokine expression by neoplastic cells. By this way, NGAL could contribute to thyroid cancer progression not only by its anti-apoptotic [15] and pro-metastatic [20] activities, but also by its ability to support tumor immune infiltrate. We did not investigate the molecular pathway by which iron-loaded NGAL activates chemokines transcription, however it is possible to speculate that chemokines promoter specific transcription factors are activated by iron-loaded NGAL following NGAL receptor (NGALR)-mediated uptake from cancer cells conditioned media. Interestingly, NGAL-proficient and NGAL-deficient ATC www.oncotarget.com cells show no differences in NGALR expression (data not shown) suggesting that chemokines decrease is due to reduced NGAL availability in extracellular milieu rather than to NGALR down-regulation. Our findings also point out the role of iron in the NGAL-mediated chemokine up-regulation: i) NGALdepleted ATC cells challenged with a mutated form of NGAL unable to bind siderophores, did not rescue chemokine expression; ii) the addition of the iron chelator DFO in cell culture medium determines a strong decrease of chemokine expression in ATC cells; iii) the presence of exogenous FeCl 3 restores chemokines expression. Iron, delivered inside the cells by different carriers, such as transferrin, is crucial for cancer cells proliferation, survival and metastatic spread [30] . Different studies report that malignant cells show over-expression of transferrin receptor, ferritin and the iron-regulatory protein-2 (IRP-2), which play a role in the intracellular iron delivery and storage, and, on the contrary, downregulation of ferroportin that mediates iron efflux from cells [31] [32] [33] [34] [35] . Tumor microenvironment seems to be the major source of iron for cancer cells given the ability of resident macrophages to phagocytose erythrocytes from tumor blood vessels and to release iron to neoplastic cells to support tumor progression [30] . Besides transferrin, it has been demonstrated that iron could be delivered into www.oncotarget.com malignant cells by different alternative routes, for example following the binding to NGAL [16] [17] [18] or to siderophores [30] . In a previous work we reported that NGAL-deficient ATC cells have a lower iron content than NGALproficient ATC cells and undergo apoptosis following serum deprivation at higher rate than NGAL-proficient ATC cells [15] . Challenging NGAL-depleted cells with iron-loaded NGAL rescues them from serum deprivationinduced apoptosis [15] . In mice colon carcinomas NGALdeficient tumors have reduced iron content and are smaller than tumors developed in NGAL expressing mice [36] . Therefore, it is conceivable that a transferrin-independent way of iron transport has been developed by malignant cells to meet their increased iron demand and that NGAL is one of the main candidates to exert this function.
In conclusion we propose a novel mechanism by which NGAL contributes to tumor progression highlighting the yet undiscovered role of NGAL in the regulation of tumor microenvironment homeostasis. NGAL in addition to support tumor growth by providing iron to cancer cells in an autocrine fashion, can also influence tumor microenvironment by increasing transcription of chemokines ultimately leading to macrophage recruitment. www.oncotarget.com
MATERIALS AND METHODS
Cell culture and biological reagents
The human anaplastic thyroid carcinoma BHT101 and CAL62 cell lines were kindly provided by Prof. M. Santoro, "Federico II" University of Naples, Italy, and the murine colon carcinoma CT26 cell line by Prof. G. Monteleone, "Tor Vergata" University of Rome, Italy. BHT101 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Sigma, St. Louis, MO, USA) supplemented with 20% foetal bovine serum (Sigma). CAL62 cells were grown in Dulbecco's modified Eagle's medium (DMEM) (Sigma, St. Louis, MO, USA) supplemented with 10% foetal bovine serum (Sigma). CT26 and human monocytic THP-1 cell lines were grown in RPMI 1640 medium (Sigma) supplemented with 10% foetal bovine serum (Sigma).
To knock-down NGAL/24p3 expression, BHT101 cells were infected with pLenti-siRNA-GFP lentiviral vector (Applied Biological Materials Inc., Richmond BC, Canada) containing double-stranded oligonucleotides sequences derived from the human NGAL: siRNA 414, 5'-TGCTATGGTGTTCTTCAAGAAAGTTTCTC-3' and siRNA 486, 5'-GGAGCTGACTTCGGAACTAAAGG AGAACT-3'. The scrambled pLenti-siRNA-GFP (scsiRNA, 5'-GGGTGAACTCACGTCAGAA-3') was used as a negative control. CT26 cells were transfected with pcRNAi vector [37] containing double-stranded oligonucleotides sequences derived from the murine 24p3 in forward and reverse orientation, separated by a 7-bp spacer region (caagaga) to allow the formation of the hairpin structure in the expressed siRNAs: siRNA 4, 5'-GGCAGCTTTACGATGTACAcaagagaTGTACATCG TAAAGCTGCC-3' (sense strand) and 5'-GGCAGCTTT ACGATGTACAtctcttgTGTACATCGTAAAGCTGCC-3' (antisense strand). The scrambled siRNA (sc-siRNA) was: 5'-CATTTGTTCCAAGCTCCAGcaagagaCTGGAGCTT GGAACAAATG-3' (sense strand) and 5'-CATTTGTTC CAAGCTCCAGtctcttgCTGGAGCTTGGAACAAATG-3' (antisense strand).
To over-express wild type NGAL and the mutant form NGAL K125A-K134A, CAL62 cells were infected with pLenti-CMV-GFP-2A-Puro lentiviral vector (ABM, Richmond, BC, Canada) containing the cDNA coding for human wild type NGAL, or for a mutant form of NGAL, in which two lysine residues in positions 125 and 134 have been replaced with two alanine residues (K125A-K134A), fused in frame with HA tag.
Anti-actin (sc-8432) and anti-HA (sc-805) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA), anti-NGAL (AF1757) and anti-24p3 (AF1857) were from R&D Systems (Minneapolis, MN, USA), anti-F4/80 (MCA497R) was from AbD Serotec (Oxford, UK), anti-CD45 (ab10558) was from Abcam (Cambridge, MA, USA).
Western blots
For Western blots, 20 μg of total proteins from cell lysates or supernatants were analyzed by 10% SDS-PAGE and blotted onto nitrocellulose membrane (Schleicher & Schuell, Whatman GmbH). Filters were blocked for 1 h 30 min at room temperature with 5% nonfat dry milk in TBST buffer (10mM Tris-HCl pH 8), 0.1% Tween-20, 150 mM NaCl) and incubated with 1:2000 dilution of anti-HA, anti-NGAL, anti-24p3 or anti-actin antibodies for 1 h 30 min. After TBST washing, blots were incubated for 1 h with horseradish peroxidaseconjugated secondary antibodies (GE Healthcare, UK) diluted 1:5000 in TBST buffer and then revealed by ECL (GE Healthcare, UK).
NGAL internalization assay
To detect internalization of NGAL and NGAL K125A-K134A, the conditioned media isolated from HA-NGAL-and HA-NGAL K125A-K134A-infected Cal62 cells, were added to BHT101 siRNA 486 cells for 24 hours. Then, cells were collected, permeabilized with Perm buffer (BD Biosciences), incubated with anti-HA and stained by using PE-conjugated secondary antibody. Fluorescent cells were analysed by FACS Canto II (BD Biosciences).
Transwell migration assays
x 10
6 THP-1 cells in 100 μl of serum-free Opti-MEM I (Invitrogen, Carlsbad, CA, USA) were placed on the polycarbonate membranes (5-μm pore size) in the upper compartment of the transwells (6.5 mm, Costar, Cambridge, MA, USA), while 600 μl of Opti-MEM I without serum or of conditioned media from human or mouse cell lines, grown for 48 h in Opti-MEM I without serum, were added to the lower compartment. The plates were incubated at 37 °C in a 5% CO 2 atmosphere saturated with H 2 O for 1 h. At the end of incubation, the cells at the upper side of the polycarbonate filter were mechanically removed. Cells that had migrated to the lower compartment through the filter were counted with a Neubauer chamber. The error bars represent technical replicates within a single experiment. Each experiment has been repeated at least three times.
Immunohistochemistry of tumor xenografts
The animal protocol used in this work was approved by the animal use and ethic committee of the Federico II University of Naples (Protocol 587/2015). Three groups of six mice (6-week-BALB/c, Charles River, Lecco, Italy) for each tumor cell line were used to analyze in vivo tumorigenicity of different CT26 cell lines. 2 x 10 7 cells were injected s. c. on a flank of each mouse. Tumor growth was monitored by www.oncotarget.com ultrasound analysis every week along four weeks. At the end of fourth week, mice were killed and tumors were excised, weighted, rinsed with PBS, fixed in 4% buffered neutral formalin and embedded in paraffin. Then, 5-6 μm thick paraffin sections were deparaffinized and placed in a solution of absolute methanol and 0.3% hydrogen peroxide for 30 min, then washed in PBS before immunoperoxidase staining. Slides were then incubated overnight at 4°C in a humidified chamber with antibody anti-CD45 or anti-F4/80 diluted 1:100 in PBS and subsequently incubated, first with biotinylated goat anti-rabbit or rabbit anti-rat IgG for 20 min (Vectostain ABC kits, Vector Laboratories), and then with pre-mixed reagent ABC (Vector) for 20 min. The immunostaining was performed by incubating slides in diaminobenzidine (DAB-DAKO) solution containing 0.06 mM DAB and 2 mM hydrogen peroxide in 0.05% PBS pH 7.6 for 5 min, and after chromogen development, slides were washed, dehydrated with alcohol and xylene, and mounted with coverslips using a permanent mounting medium (Permount). 
